ABSTRACT Diffraction patterns of stacked hemolyzed erythrocyte ghosts in the wet state were recorded. Three orders of a surprisingly high first-order periodicity of 600 A were detected.
INTRODUCTION
In the rapidly expanding area of membrane research the erythrocyte membrane is one of the most frequently investigated objects. Two main advantages are that the membrane is readily available and can be prepared without contamination of other material. A continuously increasing number of investigations in biochemistry, biophysics, and physiology characterize the exceptional position of this object.
However, in the natural state the red blood cells do not form an ordered array (like nerve myelin, chloroplast thylakoids, or retina disks); moreover, they show a very high deformability and can take a diversity of shapes. In addition, the isolation normally includes the osmotic lysis of the erythrocyte, and the membranes obtained by this procedure, hemoglobin-free ghosts, in principle can differ in their architecture from the original membranes.
On the one hand, a minimum of alteration due to the preparation procedure is desired. On the other hand, certain preparative operations are obviously necessary to get a sufficiently well ordered system for a structural investigation. Previous attempts to elucidate the structure, especially the density profile of the erythrocyte membrane by X-ray diffraction should be briefly mentioned. Husson and Luzzati (1963) have especially studied the effect of saponin treatment of ghosts, and for lyophilized ghosts untreated with saponin they have found a diffraction pattern consisting of three orders of a periodicity of 170-205 A, dependent on the temperature (22°C-37°C, respectively).
Finean and co-workers have investigated erythrocyte ghosts of rats and of human blood in a variety of conditions (Finean et al., 1966 (Finean et al., , 1968 Knutton et al., 1970; Finean, 1972) .
From erythrocyte ghosts prepared at very low osmolarities they have recorded four diffraction orders related to a periodicity between 100 and 120 A ("Type I" membranes). In comparison with simultaneous electron microscope observations they concluded that this distance might be the single membrane period. The fact that only the second, fourth, and sixth order of the double membrane period were recorded indicates that the density profile of the membrane must be nearly symmetrical at this preparative state. Wilkins et al. (1971) have studied erythrocyte ghost membranes in the form of dispersions, not in regular arrays. They came to the conclusion that a lipid bilayer with an extension of 45 A must be a structural element of the membrane.
Recently Stamatoff et al. (1975) came to the result that the electron density profile of the ghost membrane should have an extension of only 55 A. This latter finding has been called in question by Blaurock and Lieb (1975) in a comment, in which they assumed, from the great similarity between the membrane electron density profile and the profile of a bimolecular lipid bilayer, that the density profile very probably must be related to a separate lipid phase. Finean et al. (1975) came to the same conclusions. They reported the appearance of a reflection corresponding to a periodicity between 200 and 300 A (225 A), which they had not observed in earlier investigations. This reflection is related to the double membrane period and its appearance is a precondition for obtaining an asymmetrical electron density profile.
In our experiments we have recorded a surprisingly high first-order reflection (600 A), comparable with diffraction patterns of swollen membrane systems. In this case, a straightforward analysis of the scattering curves is possible. Additionally, it is shown that the quantitative consideration of lattice distortions is indeed necessary.
METHODS

Preparation ofthe Erythrocyte Ghosts
Ghosts from human blood were prepared by a modification of the method of Dodge et al. (1963) through hemolysis in hypotonic medium. 10 ml human blood (conserve Biopack-acid citrate dextrose with adenine from the local blood bank) group 0 Rh', were centrifuged for 10 min at 3,000 g; the plasma and the buffy coat were removed. The erythrocytes were then washed four tines in isotonic Ringer solution.
The hemolysis was performed by incubation of each 2 ml of erythrocytes in 40 ml phosphate buffer (20 mosmol, pH 8.0) for 30 min.
After a subsequent centrifugation at 25,000 g for 15 min, the hemolysate was discarded. The pellet was again resuspended in phosphate buffer (20 mosmol) and after washing according to the method of Dodge et al. (1963) and a final washing in Tris-EDTA-buffer-solution (10 mosmol Tris, 1 mM EDTA), nearly hemoglobin-free ghosts were obtained (remaining Hb concentration < 0.2% of mean corpuscular hemoglobin content).
The effect of the inclusion of EDTA into the washing solution after hypertonic hemolysis has been studied in detail by Bramley and Coleman (1972) . They found in the presence of 1 mM EDTA a strong dependence on the osmolarity: at 40 mosmol phosphate buffer (pH 7.4) the ghosts are more "flexible" and highly suitable for many studies. On the contrary, at 5 mosmol Tris-NaCl buffer (pH 7.4), the ghosts showed a greater tendency to fragment into vesicles.
The conditions for our preparations were chosen to get a minimal Hb value and to preserve structural integrity. The latter can be seen in the electron micrograph of Fig. 2 . The following storage of the ghosts in a hypertonic solution (12% sorbite = 660 mosmol) corresponds to conditions that prevent vesiculation of the ghosts. However, it cannot be completely excluded that part of the nonhemoglobin protein is also removed from the membrane.
The pellet then was resuspended in a 12%-sorbite-Tris-EDTA solution (12 g sorbite in 100 ml Tris-EDTA buffer) and was centrifuged 60 min at 150,000 g in a Beckman Spinco L 50, Titan rotor SW 50.1 (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). The addition of sorbite, known to stabilize the morphology of erythrocytes (Schneider et al., 1972) was necessary to get a sufficiently well-ordered stacking system of wet ghosts. The ghosts were prepared at 4'C. The diffraction experiments were performed at room temperature (25'C).
X-ray Diffraction Patterns
WET GHOSTS A sample of the very viscous ghost pellet was placed on the gap in a small lead ring in accordance with the technique of Finean et al. (1966) . The sample holder was then placed in a Kratky cuvette. A stream of nitrogen that first passed a water bath warmer than room temperature (37'C) prevented dehydration of the sample. A subsequent humidity controller showed a relative humidity of 100%. By this technique surprisingly high periods of the lamellar repeat were detectable. An example, using line collimation, is presented in Fig. 1 An electron micrograph, taken after the X-ray exposure of the specimen, is shown in Fig. 2 . The large period of the X-ray diffraction experiment is confirmed (the average stacking period is -650 A) and, secondly, the inner space of the ghosts appears more electron dense than the outer space between the stacked ghosts.
The observation that the interspace between adjacent ghosts is larger than or equal to the double membrane extension (ghost thickness) is of particular importance in the following evaluation.
To control the influence of the disorientation of the ghosts in the X-ray scattering experiment, in addition an exposure series using pinhole geometry was performed. For this purpose limiting slits are introduced into the Kratky camera geometry. A photograph of this series is seen in Fig. 3 . On the short time exposure (5 h, Fig. 3, below) , three orders of the long periodicity 600 A are clearly resolved (see also the corresponding densitometer curve (Fig. 5) .
On the long time exposure (72 h), the outer part of the scattering curve can be recorded. The medium time exposure allows the combination of the two other curves (Fig. 5, right side) .
The main additional information taken from these pinhole curves is the degree of disorientation of the regions of stacked ghosts. The half angle of disorientation was 30°.
Assuming a distribution of different orientations like a Gaussian (normal distribution) about the preferred axis, it is possible to correct the line-smeared curve with respect to this special collimation effect.
Details of this slit height correction, which depends on the arc (or sickle) of the disorientation, are given in Appendix C. Kreutz (1968 Kreutz ( , 1970 and by Lesslauer et al. (1971 Lesslauer et al. ( , 1972 In such a case the Q function is obtained without an additional separation procedure. If the extension of the swelling zone exceeds the extension of the double membrane, the repeating terms of Q(x), which are centered at the lattice points nL, do not overlap each other. Examples for the latter case are given by McIntosh and Worthington (1974) and Worthington and McIntosh (1974) in the case of swollen nerve myelin.
However, multilayers of biological membranes, in situ as well as artificially prepared, cannot be considered as perfectly ordered systems like ideal one-dimensional crystals. On the contrary, a certain degree of disorder will remain, even in such well-ordered systems as nerve myelin (Blaurock and Nelander, 1976) .
The influence of lattice distortions on the Q function is generally discussed in the books of Hosemann and Bagchi (1962) and Vainshtein (1966) , by Schwartz et al. (1975) , and by Kreutz and Pape (1975) . Our evaluation procedure, which includes the consideration of lattice distortions, will be presented in the following. The multilayer can be described by a one-dimensional system with a regular sequence of image and mirror-image of the single membrane profile Pm (Fig. 4) . Let p(x) represent the projected EDD onto the stacking axis x. p0(x) denotes the projected EDD of a unit cell (double membrane), which consists of the EDD of a single membrane pm(x) and in a spacing of 1l from it the EDD of its mirror image p-m(x) = pm(-x):
( 1) We distinguish between 1, the intra-unit cell nearest neighbor distance, and 12, the inter-unit cell nearest neighbor distance of neighboring single membranes (see Fig. 4 ).
Let us further introduce the function HI(x)and H2(x), each of them describing a statistical distance distribution function between neighboring membranes. H1(x) is related to the intra-unit cell distance l,, and H2(x) to the inter-unit cell distance 12.
The following notations are used: *, convolution symbol defined by:
Qm = Pm* P-m; Qml = Pm* Pm; Qm2 = P-m *P-m;
6(x) = Dirac's delta function symbol; N = number of unit cells within a multilayer. In the following, only the right half of the always centro-symmetrical functions Q(x) and Qo(x) is represented. The Q0 function, the convolution p0(x) with p0(-x), the generalized Patterson function of the unit cell, is given in these terms by
This equation degenerates in the absence of distortions (HI(x) becomes pointlike) to:
The complete Q-function of a multilayer of N unit cells is then: 
We generate H(x), also by a Gaussian. In a subsequent least-square refinement procedure (Marquardt, 1963) tribution function HI is determined, namely the mean distance 11 and the half-width 2x" = (in 2/c,)1/2, we can "sharpen" the QO function by replacing H1(x) by a pointlike function, localized at the same distance 11 (see also Eq. 2a). In this way we get the undistorted Qo func-PAPE, KLOTT, AND KREUTZ Electron Density ofErythrocyte Ghost Membrane tion of a structure with a center of symmetry. Such a QO function has an unambiguous solution (deconvolution root) po, except for the reflection about the abscissa, -po (Hosemann and Bagchi, 1962, p. 121) .
Thus, we can apply the Fourier analytical deconvolution method (FAD method) (Pape, 1974 I4,p(b) We evaluate the scattered intensity diagrams by the Q function method because we are first interested in the structure of the unit cell po and not until then in the mutual arrangement of the unit cells, that is, in the lattice structure. A separation of these two types of structure can be better performed in the Q function representation than in the intensity representation. However, as a control of our results, we calculate the corresponding structure factor F2(b) of the po(x), found by the Q-function method, then the averaged structure factor F2(b), and compare it with the experimental intensity curve. Fo is given by a Fourier transformation of po(x) r+ X Fo(b) = J po(x)exp (2wribx) dx (5) Fo is the result of averaging of Fo according to the distance distribution function H,(x). Details are given in Appendix B.
RESULTS
In Fig. 5 the densitometer curves of the sample scattering and the background scattering corresponding to the "point" collimation experiments are represented. Exposure times are indicated at the corresponding scattering curves.
The densitometer tracings referring to the slit-smeared pattern are seen in Fig. 6a . The exposure time was 48 h. The smoothed intensity curve and the reference curve, consisting of the background scattering of the camera and the specimen holder, also exposed 48 h, are drawn in Fig. 6b . Comparing the two scattering curves in Figs. 5 and 6, we clearly see that the decrease of the experimentally observed intensity is faster in the case of pinhole geometry.
The influence of the background subtraction on the final results is investigated in a separate part at the end of this section.
In Fig. 7 the result of the special height-desmearing correction (see Appendix C), applied to the slit-smeared curve (Fig. 6) is presented. After the desmearing, the appropriate Lorentz correction was performed by a multiplication by b2.
In Fig. 8 , the desmeared line collimation curve and the pinhole curve, both Lorentzcorrected, are compared with each other. Their corresponding Q functions, obtained by a Fourier cos-transformation, are represented in Fig. 9 .
Again there are no great differences between the two curves. The following evaluation starts from Q,, the Q function referred to the desmeared line collimation intensity curve. (It should be mentioned that alternative calculations starting from the Q function, corresponding to the pinhole intensity curve, led to the same final results within the margin of error.)
It is remarkable that the oscillations in Q,Xp(x) practically vanish outside an in- FIGURE 8 Comparison of the scattering curves of wet ghosts using different collimation geometry of the X-ray beam; both curves are Lorentz-corrected by multiplication by a factor b2. (__3 corresponds to the point-collimated pattern (fjg. 5); ----) slit height corrected (arc-desmeared) curve, obtained from the line-collimated pattern (Fig. 6 ). FIGURE 9 Experimental Q function of wet ghosts, obtained by a Fourier-cos transformation of the corrected experimental intensity curve. +++ +, using corrected line collimation data. *, using point collimation data.
low amplitude. The Q function is then deconvoluted according to the least square Gaussian deconvolution method described above, with Eq. 2. Two different parameter sets are optimized: (a) Pm is built up by a sum of three Gaussians, and H1(x) is symmetrical (Fig. lOa) ; (b) Pm is composed of four Gaussians, and H, (x) is symmetrical (Fig. lOb) . Moreover, a model Pm composed of five Gaussians was used in the deconvolution procedure, but the result was the same as with four Gaussians.
The Q function of the models, Qm0dI was calculated in the interval of 0 < x < 300
A for an Ax of 2 A in a sufficiently brief computing time ( -seven iterations in 1 min).
To measure the reliability we define the quantity RQ
The "best" values of the parameters Ak, Xk, C, cl, 1X and the corresponding RQ values are listed in Table I . In a second optimization procedure, the region of the fit was extended to the interval of 0 < x < 600 A, with the first four terms of Eq. 3. The resulting values of the parameters are listed in Table II. A comparison of the corresponding RQ values clearly favors the four-Gaussian model. We consider this model with the lowest RQ value as the correct one at the given low resolution.
The parameters Ak, Xk, and c in Table II , describing the density profile Pm, are almost the same as in Table I . A value of J was chosen for the quantity (N -1)/N.
The first test of reliability, the removal of the distance statistics H, from the fourGaussian best parameter set, leads to the sharpened QO function, seen in Fig. 11 result of the direct deconvolution by the FAD method (Pape, 1974) is seen on the right side of Fig. 11 . The recalculated convolution square of the solution Po, QSHR, is also drawn in Fig. 11 camera and the sample holder, the effect of the sample absorption, for example, cannot be simulated quantitatively. This is only possible in highly diluted systems.
To control the influence of the background subtraction, we performed two further evaluations using different background curves. The results are represented in Fig. 13 . No significant differences in the resulting electron density profiles occur. However, the differences may serve as a margin of error in p(x).
DISCUSSION
A general restriction is given through the low resolution of the diffraction pattern (-.25 A). Therefore, it is plausible that a model Pm consisting of only four Gaussians can produce sufficient details to reconstruct the observed diffraction pattern.
The diversity of solutions is strongly reduced by the fact that the double membranes (unit cells) are separated from each other by interspaces of approximately the same In contrast to Table I , Qmod is generated in the range 0 < x < 600 A by using Eq. 3. , Weick, 1974 , where the autocorrelation function of pm, and the smeared convolution product were also recognized distinct from each other. Systematically, we then try to find all the solutions Pm of the first part, 2Pm = 2Q,. Secondly we have to calculate for each solution Pm * Pm, fold it with a suitably chosen distance statistics H,(x), vary its width and position, and compare the result with the experimentally obtained and isolated second part of Q0(x). Only the solutions Pm that also generate the second part of Q0(x),,p with the satisfying accuracy will remain.
In our case the remaining solutions have been the Gaussian sequence (+ + -+), and its mirror image (--+ -), from inside to outside. The solution +Pm is represented in Fig. 14 . We discriminate the solution -Pm, in a purely mathematical sense also possible, with regard to other biophysical and biochemical information needed to interpret the resulting electron density profile.
At first, the swelling occurs in the inter-ghost or extracellular space caused by the hypertonicity of the medium (12% sorbite corresponds to a molarity of ca. 660 mosmol, compared with the molarity of 310 mosmol of an isotonic solution. The isotonicity of erythrocytes and ghosts can differ but the above value seems to us a realistic estimation). The electron micrograph (Fig. 2) in addition supports the choice of one ghost as unit cell and not-as an alternative-two juxtaposed membranes of neighboring ghosts.
Regarding the low resolution of the diffraction pattern, we restrict our interpretation to the following points: The first three Gaussians (from outside to inside) with a sign sequence of heights of (+ -+) represent the so-called "tripartite' structure of a lipid bilayer-containing membrane. The zone of lowest density corresponds thereby to the hydrophobic part of the membrane. The peaks of higher density in the tripartite structure are related to the lipid polar groups and to the proteins on both sides. The asymmetric arrangement of both constituents (proteins and lipids) is beyond question, especially with respect to the extrinsic proteins spectrin and actin. These components have been made visible as fuzzy material at the cytoplasmic side on electron micrographs of Tilney and Detmers (1975) and McMillan and Luftig (1975) . Its amount of the total protein content is 30% (spectrin) and 4.5% (actin) (Steck, 1974) . The positive peaks of the density profile on the inner side are interpreted to represent this protein excess on the cytoplasmic side of the membrane.
The possibility that sorbite contributes to the inner positive peaks is very improbable, because of the osmotic behavior of the ghosts in the sorbite-Tris-EDTA buffer as discussed above, but cannot be completely excluded. The asymmetry of the electron density profile of the single membrane is not only caused by the asymmetrical distribution of the proteins but may be also influenced by the asymmetry in the arrangement of lipids within the erythrocyte membrane-monolayers of phosphatidylcholine and sphingomyelin on the outer side, monolayers of phosphatidylethanolamine and phosphatidylserine on the inner side-which is assumed on the basis of spin-label experiments (Bretscher, 1973) and treatments with phospholipases (Zwaal et al., 1973 (HI and H2, respectively) .
The probability of finding the nth neighbor is given by an alternating folding of the statistics HI and H2, in the sum (n -1)-times (lattice distortions of the second kind).
Using the same abbreviations as before, * = convolution symbol, defined by:
Q. = Pm* P-r; Q., = Pm * Pm; Qm2 = P-m * P-m we obtain
n-2 where (I), (II), and (H, * H2), are given by (I) = 2Qm * b(x -0) + Qm2 * HI; (II) = QMi * H2 + 2Qm * H, * H2 + Qm2 * HI * H2 * H ,; (HI * H2), = nth convolution product of (H, * H2), and N = number of unit cells within a multilayer.
We emphasize that our description differs from that of Schwartz et al. (1975 
where w1 = (c, /r)0 5, and using the formula of the convolution of two Gaussians
with each other: The commonly used collimation corrections are related to isotropic scattering curves (see, for example, Lake, 1967) . If the other extreme situation is realized, a perfectly oriented system, a beam height correction is not required.
In the case of a mosaic spread, the scattering is limited to a defined arc on the DebyeScherrer ring with an intensity distribution along this arc depending on the distribution function of the particle orientations.
We assume that this distribution function can be approximated by a Gaussian function (normal distribution), centered about the preferred orientation axis.
Starting with the well-known smearing integral (only height smearing is considered, using the iterative procedure of Lake [1967] 
we obtain H(z,b) = exp[-O.69 z2/(b2 -tan2 a)]
In the preceding case, a was estimated at 30°. Thus, in the iterative procedure (Lake, 1967) , for each value of b the corresponding function H(z, b) has been calculated and used in the smearing integral.
Several tests have been made to control the effect of the angle of disorientation. It has been found that the resulting desmeared curve I(b) is only slightly influenced by a variation of tan a within the range of i20%.
A constant factor was introduced to compare the resulting curve after "arc desmearing" with the scattering curve observed using pointlike collimation (Fig. 8) .
